The mechanical milling of hematite and graphite mixture could accelerate the reaction rate extremely, when the mixture after milling was heated up under inert atmosphere. In the previous study, the authors have indicated not only the high reaction rate but also the low starting temperature of the reaction. These phenomena can be understood through the view point of the nano-reactor and the active complex. The nano-reactor was defined in this study through the observation of the milling products by TEM and FE-SEM. The important characteristic of nano-reactor was proposed.
Introduction
Many applications of the mechanical milling (mechanical alloying, ball milling or grinding) on the chemical reaction system (so called mechanochemistry), which related to carbonaceous material, have been reported. At the same time, the mechanochemistry of hematite (iron oxides) were investigated extensively. [22] [23] [24] [25] [26] [27] [28] [29] [30] On the other hand, the carbothermic reaction between hematite (iron oxides) and carbon was the subject of the iron making field for a long time. [31] [32] [33] [34] [35] [36] In previous study, 37) the authors have investigated the reactivity of hematite-graphite mixture obtained by the mechanical milling. The rate of reaction has remarkably increased and the starting temperature of reaction decreased in accordance with the milling time.
A number of the affecting factors on the reactivity of the mixture will exist. Furthermore, as the factors might interact each other, the apparent result would be complicate extremely. For example, since the grindability of the sample will strongly affect the properties of sample powder after milling, the property of crystal such as the size, the distribution and the hardness, which related to the nature of a single crystal itself and a polycrystalline particle, would result in the variety of the reactivity after milling.
To understand the reaction behavior obtained from mechanical milling, it would be very important to clarify the phenomena occurring in the course of milling. It could easily imagine the importance of the impact energy and the frequency, so that the rotation speed, the weight of ball and the number of ball were all important factors to be control the milling effect. In addition to these factors, the quality of material and the surface structure (roughness) of ball and vessel for milling were also unignorable factors. In the series of present study, the effect of these factors are investigating systematically and the results will be reported in near future.
In this study, the phenomena occurring in the course of milling such as the gas evolution, reduction reaction and phase transformation (formation of active complex) were investigated. Figure 1 shows the preparing procedure of hematite and graphite samples. Reagent hematite (Ͼ99.0 % Fe 2 O 3 ) was compressed into the tablet with 25 mmfϫ5 mm thickness. The tablet was sintered at 1 000°C for 24 h in air atmosphere. Then the sintered tablet was crushed roughly and adjusted the particle size distribution from 500 to 75 mm using sieve before mechanical milling start. The graphite was high density (1.77 g/cm 3 ) and high purity (Ͻ100 ppm ash content). The particle size was also adjusted with the same range as the hematite. The detail of milling condition was the same as the previous study.
Experimental
37 ) The ratio of carbon to hematite was constant (C/Oϭ1.1), which was the 19.84wt%C-80.16wt%Fe 2 O 3 . This ratio means the 5 % excess carbon for the reduction by solid carbon, when the following reaction proceeds completely. The mixture was milled in the alumina vessel (500 cc) with ten alumina balls (weight was 17-24 g and diameter was 20-23 mmf, which had relatively large tolerance and gradually decreased with milling time). The quality of alumina was a dense (3.9 g/cm 3 ) and high purity Al 2 O 3 (Ͼ99.6 %). Figure 2 shows the SEM image of the different kind of reagent hematite samples. The Special grade hematite was used in the present experiment. The special grade reagent hematite shows the polycrystalline particle (from 1 to 20 mm) consisting of smaller crystalline from 0.1 to 0.2 mm. On the other hand, 1st Grade hematite seems to be quite fine particle around 0.2 mm and agglomerates into a larger unit around 10 to 100 mm. The sintering effect on the crystal morphology was also different from the property of starting hematite nature. The lower pictures in Fig. 2 show the morphology of hematite after 24 h sintering at 1 000°C. It was found that the special grade hematite showed the tendency of the hard growing crystal. As mentioned above, the properties of iron oxide affected the grindability of a powder, that resulted in the different kind of reactivity of powder. Figure 3 shows the schematics of alumina vessels. As the teflon packing is a lower gas tight one, the silicone rubber packing was developed for atmosphere controlled vessel in this experiment. Figure 4 shows the gas analyzing system for the residual gas in the vessel after the milling. Before experiment, the atmosphere controlled vessel was set in the system, and evacuated the gas remained both in the vessel and in the tubing system. Then argon was flowed through the vessel and the residual oxygen in the argon gas was monitored by QMS (Quadrupole Mass Spectrometer). When the residual oxygen in argon decreased to the original level (Ͻ100 ppm), the valves on the cap were closed and the vessel was moved to the milling device. After the milling, the vessel was set on this gas analyzing system again. Before opening the valves, the gas tubing system was evacuated completely by rotary pump, and then the argon gas was substituted. This procedure was repeated twice, because it was quite difficult to eliminate the residual oxygen from the long tubing system.
Results and Discussions

Definition of Nano-reactor
The difference between the Micro-reactor and the Nano- reactor is just classified by its size. Micro-reactor was defined from 100 to 1 mm and Nano-reactor was less than 1 mm in present study. The Nano-reactor is not merely the mixture of hematite and carbon. The most important feature is the contacting mode between the hematite and the carbon. Figure 5 shows the surface structure of hematite nanoparticles on the graphite particle (observation by FE-SEM), which were introduced by 6 h mechanical milling with 200 rpm that was relatively low crushing energy. These nano-particles were not a perfect Nano-reactor, because the contact area was small and weak, so that the interface will separate soon, when the reaction proceeds. Furthermore, this imperfection was confirmed from the aspect of reactivity that measured using TG-DAT under argon and heating up condition, in which the 6 h milling sample did not show the high reactivity. 37) Figure 6 shows the internal structure of hematite-carbon composite consisted of many nano-reactors observed by TEM. The sample was milled for 72 h. It was difficult to confirm the hematite particle from surface (by SEM), which meant the most of hematite particles were enwrapped with graphite or the particles stuck into the graphite particle. From diffraction pattern shown in Fig.  6(b) , all spots were listed in the Table 1 and compared with the data from literature (ASTM card). It was found that iron oxides (hematite (Fe 2 O 3 ) , maghemite (g-Fe 2 O 3 ), magnetite (Fe 3 O 4 ) and wustite (FeO)) and graphite coexisted and the nano-particles of hematite were surrounded by the graphite. The gray area in the dark field image corresponds to the graphite (002) and the bright small spots means the hematite (104). As shown in previous paper, 37) the reactivity of 72 h milling sample shown in Fig. 6(a) was an extremely high. On the other hand, the sample shown in Fig. 5 did not reach 100 % reduction degree and the maximum rate of reduction was smaller.
From these results, the preconditions of the nano-reactor were as follows; (1) The size of hematite was less than 1 mm.
(2) The hematite particle should be surrounded by carbon or struck into the carbon particle. These preconditions are very important and can not attain only by a mixing of nano-particles. It would be very important that both the particles should meet with large pressure and the harder one (hematite) struck into softer one (graphite). Figure 7 shows the model of nano-reactor for the high rate reduction of hematite-graphite mixture. As mentioned above, the hematite particles on the graphite surface is not a perfect nano-reactor, because the contact between the hematite and graphite is easily separated during reaction. On the other hand, the hematite nano-particles in the graphite particle (or surrounded by the graphite) are able to maintain the contact until the reaction complete. This is quit important feature of the nano-reactor. Figure 8 shows the comparison of XRD (X-ray diffraction) patterns of the samples after each millings. Fig. 8(a) shows the XRD results of the hematite-graphite mixture until 78 h milling and Fig. 8(b) corresponds to the results of the only hematite milling until 24 h. From Fig. 8(a) , the peak corresponding to the graphite (002) (described as (002) G ) shows the decrease of the crystalline size (the increasing of the half-maximum width of peak and the decreasing of height of peak) with the increasing milling time. On the other hand, the hematite crystalline size showed the different degradation characteristics between the milling of mixture and the single hematite milling. In the case of the milling of single hematite (Fig. 8(b) ), every peaks of XRD seemed to be lower and wider together with the milling time, while the hematite in the mixture showed the higher peaks according to the milling time, which meant the crystalline size increased or did not change during the milling. Moreover, the way of decrease on the peaks seemed to be different from the different plane. The detail of the crystalline size degradation was calculated by the Scherrer's equation 38) and discussed in later section. Figure 9 shows the variations of crystalline size which were calculated from graphite (002) and (101). The peak from (002) means the thickness of stacking layer (Lc) of hexagonal net plane and the one from (101) means the width of the net plane (La). 38) Actually, every crystalline decreased with milling time, almost constantly. When only graphite (᭡) was milled under an air atmosphere, both of the crystalline sizes from (002) and (101) decreased monotonously with milling time. The size of Lc decreased rapidly in comparison with the La. While in the milling of mixture, the slope of decreasing curve was relatively low under the both of the argon () and the air atmosphere (᭹), although the initial decreasing rate until 20 h was relatively high. In Fig. 9 , the kind of graphite was different between the argon and the air atmosphere, so that the size at beginning of milling was different (80 nm for argon and 50 nm for air). However, the decreasing rate of the crystalline size seemed to be almost the same, which meant the lower rate of decreasing than the single graphite milling.
Phenomena Occurring in the Course of Milling
In Fig. 10 , the variations of crystalline size of hematite between the single milling and the mixture milling under an air atmosphere were compared. As shown in Fig. 8 , although many peaks from hematite planes can be observed, typical peaks were selected and the crystalline sizes were calculated as shown in Fig. 10 . The variation of hematite crystalline size showed quite interesting tendency. In the single hematite milling, the crystalline size in all directions (calculated from all peaks) decreased to about 30 nm with the milling time and the initial decreasing rate was high until 6 h. On the other hand, in the milling of mixture, hematite crystalline size showed the different tendency from the plane. The crystalline sizes were almost the same or slightly increased in (300) H and slightly decreased in (110) H and (104) H , while the size from (300) H was larger than that from (110) H and (104) H which was caused by the original crystal size. It was considered that the result would be caused by the reduction-reoxidation behavior of hematite during milling in an air atmosphere. In the case of reoxidation, the rate of oxidation would be different from the plane, which resulted in the different growth rate from the plane (anisotropic growth rate). To confirm the above consideration, the milling of mixture in an argon atmosphere was carried out, in which the reoxidation will never occur. Figure 11 shows the comparison of the crystalline size variation between an air and an argon atmosphere. It was found that the crystalline size of hematite after milling in an argon atmosphere decreased continuously with the milling time.
The most of milling experiments were carried out with ten balls, and the results showed the existence of reduction during the milling from the gas analysis after milling in argon atmosphere. 38) However, in the case of the milling in air, it was difficult to confirm the reduced matter by XRD in order to reoxidation. Since it was expected that the amount of reduction was very small and the reactivity of the reduced one would be active, most of reduced matter was reoxidized as soon as the reduction occurred. From this reason, the milling with twenty balls was carried out for confirming the reduced substance. Figure 12 shows the results of XRD for the samples (78 h milling in an air with 10 balls, 7 h milling in an argon with 20 balls). The reduced matter such as magnetite, wustite and iron could not find in the sample even if the milling time was 78 h in air. On the other hand, small quantity of wustite (Fe 0.98 O) was found in the sample milled in an argon, although only 7 h milling. Because of higher energy milling than 10 balls one, alumina was fund in the sample after milling.
As mentioned above, the reduced substance (FeO, Fe 3 O 4 ) was found in the sample milled under the air atmosphere by TEM observation. However, it was quit small quantity to detect by XRD. Anyhow, it could be considered that the reduction would occur during milling, even in an air atmosphere with 10 balls. And these phenomena might increase the reactivity of milling product intensively. 37) In addition to the simple reduction, it could be considered that the active complex which meant the medium product of reduction would exist and might affect the apparent reactively significantly. The kinetic analysis taking into account the transition state theory were performed and the active state of complex was considered in the next paper. 39) 
Conclusions
The milling of hematite and graphite mixture was carried out using alumina vessel under an air and an argon atmosphere. The definition of the nano-reactor was conducted for the understanding of the high reaction rate. Moreover, the phenomena occurring in the course of milling were elucidated. The obtained results are as follows:
The preconditions of Nano-reactor are (1) The size of hematite was less than 1 mm.
(2) The hematite particle should be surrounded by carbon or struck into carbon particle, which support the contact between the hematite and the graphite during reaction until the reaction complete.
The phenomena occurring in the course of milling. crystalline size decreased regardless of the atmosphere (air or argon). (4) The milling of the mixture: The reoxidation of hematite occurred during the milling in an air atmosphere, which resulted in the anisotropic growth of hematite. On the other hand, in an argon atmosphere, the hematite crystalline size decreased constantly because of reduction.
